INTRODUCTION
Although a great deal is known about the structure and molecular pathology of the human haemoglobin genes it is still not clear how their differential expression during normal development is regulated. As well as being of considerable interest to developmental geneticists, this problem has important practical implications. Varia bility in the expression of the foetal globin genes plays a major role in modifying the clinical course of some of the common genetic disorders of adult haemoglobin production. If it were possible to prevent the switching off of foetal haemoglobin production after the neonatal period, or to reactivate it even partially, we would have an extremely valuable approach to the management of these conditions, which are globally the commonest single gene disorders.
Here I shall summarize what has been learnt from the experimental systems that are being used to study the regulation of the developmental changes in globin gene expression. It will be possible to touch on only those areas that seem to be of particular promise for future work. Several recent reviews cover human haemoglobin genetics and the developmental biology of haemoglobin in more detail ( Wainscoat, 1985) ; original references to much of the experimental work described here will be found in these articles.
THE ORGANIZATION OF THE HUMAN GLOBIN GENES
The structures of the different haemoglobins that are synthesized during embry onic, foetal and adult life are summarized in Fig. 1 . They are all tetramers consisting of two pairs of unlike peptide chains, each associated with a haem molecule. Normal adults have a major haemoglobin, haemoglobin A ( ocifii), and a minor component called haemoglobin A2 (# 2^2)-The main haemoglobin in foetal life is haemoglobin F , which has a chains combined with y chains ((XzY?). It is a mixture of two different molecular forms that differ only by one amino acid in their y chains, glycine or alanine at position 136; the y chains that make up these two types of foetal haemoglobin are thus referred to as Gy and Ay. In embryonic life there is yet another series of haemoglobins in which the a chains are replaced by g chains and the y and /3 chains by £ chains.
As shown in Fig. 1 the globin genes are organized in two families, an a-like gene cluster on chromosome 16 and a /3-like cluster on chromosome 11. W ithin each complex the genes, together with several inactive pseudogenes, are all in the same 5' to 3' orientation and are arranged in the order in which they are expressed at different stages of development. However, comparison with other vertebrate species suggests that it is unlikely that there is any general relationship between gene order and developmental expression.
T h e /3-like genes are distributed over approximately 60 kb (103 bases) and are arranged in the order 5 ' -£ -Gy-Ay-Xffi-d -f i -3 '. T h e a-like genes form a smaller cluster on chromosome 16, in the order S ' -g -^g -'^a -a l -a l -' i ' . T h e t[>/J, tpfand ^ar genes are pseudogenes. T h e position of the introns is shown in Fig. 1 . T h e 5' flanking regions of each of the genes contain two regions of homology. One, the A T A box, is 20-3 0 base-pairs (bp) upstream from the RNA initiation site; the other, the C C A A T box, is 70-90 bp upstream from this site. Each or gene is located within a region of homology approximately 4 kb long, interrupted by two small nonhomologous regions. T h e exons and the first introns of the two a globin genes have identical sequences. T h e two g genes are also highly homologous. Like the a l and a2 genes, the Gy and Ay genes appear to be virtually identical, reflecting a process of gene matching during evolution. In fact, the Gy and Ay genes on one chromosome are identical in the region 5' to the centre of the large intron, yet show greater divergence in a 3' direction. At the boundary between the conserved and divergent regions there is a block of simple sequence, which may be a 'hotspot' for the initiation of recombination events that lead to unidirectional gene conversion.
Several classes of repetitive sequences have been identified in the eyd/3 globin gene cluster. T h ere are single Alu repeat sequences upstream from the y globin genes and from the (3 genes, and inverted pairs of Alu sequences upstream from the £ and 6 genes and downstream from the /? globin gene. The three inverted pairs are orientated tail to tail with about 800 bp of non-repetitive DN A between them. The second major class of repeat sequences belongs to the K pn family. One copy lies downstream from the ¡3 globin gene; another between the e and y genes. The latter region, over 6 kb in length, has been sequenced and at the end near the y globin gene has strong homology with the retrovirus long-terminal repeat (see Collins & Weissman, 1984 (Table 1) The embryonic haemoglobins are synthesized mainly during the period when erythropoiesis is confined to the yolk sac. Throughout the rest of foetal life the liver and spleen are the main sources of red cell production, although the marrow starts to produce red cells during the second trimester and becomes the major erythropoietic site during later foetal life.
Recently, the patterns of globin chain production at very early stages of embryonic development, during the transition from yolk sac (primitive) to hepatic (definitive) erythropoiesis, have been analysed (Peschle et al. 1984, 1985) . During the 4th to 5th week fan d £ chains and very small quantities of y chains are synthesized. During the 6th to 7th week a, g, e, Gy and Ay chains are produced by the remaining primitive erythroblasts, and a , £, Gy and Ay chains by the definitive line. By the 7th to 8th week e and g chain synthesis is no longer detectable and the main globin chains synthesized are a, Gy and Ay; ¡3 chain production is just detectable at this time and gradually increases, so that at about 10 weeks it constitutes about 10% of total non a chain production. Thus there appears to be a slight asynchrony in the switch from g to or compared with £ to y chain production; the g-* a chain transition is completed slightly earlier.
From the 10th to the 33rd week of gestation the main globin chains produced are Between the 32nd and 36th week of gestation the relative rate of ¡3 chain synthesis increases and that of y chain production declines, so that at birth /3 chain synthesis constitutes approximately 5 0 % of non-ar chain synthesis. After birth the level of y chain production declines steadily and that of ¡3 chain production increases ; at the end of the first year y chain synthesis reaches the low level characteristic of adult life. During the first few months of life the Gy / Ay ratio changes from 3 /1 to 2 /3
(Schroeder e ta l. 1972). Delta chain production has been observed as early as 32 weeks gestation; ô chain activation lags behind that of /? chains, and the adult /3 /<5 chain synthesis ratio is only reached at about 4 -6 months after birth.
Although there has been extensive debate about the intercellular distribution of different haemoglobins during development it is now believed that the transition from embryonic to foetal and foetal to adult haemoglobin production occurs within the same erythrocyte populations. This conclusion is also consistent with recent studies of the patterns of y and /? chain production in red cell colonies grown from foetal and neonatal blood. It is also clear that the type of globin chains produced at different stages of development is not related to the site of erythropoiesis ; both fan d 
THE REGULATION OF GLOBIN GENE EXPRESSION DURING DEVELOPMENT
Because so little is known about the developmental regulation of gene expression, and the lack of good experimental models with which to investigate this problem, our current approaches to the analysis of gene switching are, of necessity, indirect. Areas of study that are providing some information on this question are summarized in Table 2 . 
M utations associated with persistent y chain synthesis in adu lt life
T h e mutations that are characterized by persistent foetal haemoglobin production are summarized in Table 3 Another interpretation of these different phenotypes is that they do not depend directly on the region of DNA that is deleted but rather on the particular sequences that are brought into apposition to the j3 globin gene complex by the deletion. (S P )0 HPFH(USA) (S P )0 HPFH ( Ghana] Hb KENYA HPFH T H A L means that persistent y chain production is insufficient to com pensate for lack of /? chains and hence that the condition has a thalassaemic phenotype. T h e country or nationality in which the lesion was first described is added to define the particular m utation. References to original descriptions are given by Collins & Weissman (1984) and W eatherall & W ainscoat (1985) .
Perhaps, it has been argued, in some forms of H PFH sequences are brought in from 3 ' to the ¡3 globin gene complex that act as cis enhancers, thus allowing expression of the foetal genes in adult life (Collins & Weissman, 1984) . However, as shown in Fig . 2 , the 3' ends of all these deletions are different; do they all contain rather similar enhancer sequences? T h is seems unlikely, and perhaps the most attractive hypothesis to explain the phenotypic variability of these deletions is that the y d ¡3 globin gene cluster is organized into two chromatin domains, one surrounding the foetal genes, the other flanking the <5 and ¡3 genes, both with distinct 5' and 3' borders. Interference with any of these domain boundaries may prevent activation of the adult domain and leave the foetal genes unrepressed. T h is hypothesis was discussed in detail by Bernards & Flavell (1980) . Additional deletion mutations of the y d ¡3 globin gene cluster are being mapped in an attempt to clarify these issues.
However, because they all cause such a major disruption of the gene complex, their study may be of limited value for providing information about gene control during normal development.
N on-deletion HPFH. Because these conditions are not associated with major disruptions of the ¡3 globin gene cluster they are of much greater potential interest for analysing the regulation of gene expression during development. As mentioned earlier, the genetic determinants for some of these conditions map within or near the 13 gene complex while others segregate independently from the ¡3 globin gene markers and hence must be at a considerable distance away on chromosome 11 or even on another chromosome.
Some well-defined forms of non-deletion H PFH in which the genetic determinants are within the f3globin gene cluster are summarized in Fig. 3 et al. 1985; Gelinas et al. 1985) . T h is change has been found in two unrelated heterozygotes. In a similar disorder observed in Italy a single base change, G ->T, has been found at position -196 in the Ay gene (Giglioni et al. 1984) . T h is has also been observed in a Chinese individual with a similar phenotype (D r G. Stamatoyannopoulos, personal communication).
In the British form of non-deletion H PFH (Weatherall et al. 1975a ) homozygotes have about 2 0 % haem oglobinF, which is mainly of the Ay variety; heterozygotes have between 3 and 10% haemoglobin F . We have studied several heterozygotes for this condition at birth and followed their pattern of haemoglobin F production 
1982) several families have now been reported in which this is not the case (Gianni et al. 1983). This is the first evidence for the existence of genes that influence

Gene expression in neoplastic cell lines
The notion that analysis of gene expression in haematological neoplasms might provide some useful models for studying the developmental genetics of haemoglobin is not new. It has been known for some time that infants with juvenile chronic myeloid leukaemia (JC M L ) revert to a pattern of red cell protein production that is very similar to that observed late in foetal life ( Perhaps the most interesting observation relating to the regulation of gene switching that has arisen from studies of erythroid colonies is that the expression of the y genes in both adult B F U -E s and those from individuals with various genetic conditions associated with persistent y chain production, including deletion H P F H , can be 'switched off' by a factor that is present in foetal sheep sera. This has led to the development of a model in which switching occurs when the appropriate receptors for this putative inhibitory factor are expressed during the later stages of foetal development.
Several other models of the regulation of the y and ¡3 globin genes have been derived from analyses of the pattern of globin gene expression in colonies. For example, it has been suggested that programming may reflect a 'decision' by early progenitors to move to terminal differentiation in which y chain production is more likely, rather than to go through further divisions and differentiation steps that make This may be as far as we can go in the immediate future. The central question remains, however. How is the differential expression of the globin genes during development actually timed? All we know at the moment is that it is related fairly closely to gestational age and that it is not tissue dependent. The only experimental data relating to this question, derived from the sheep transplant model, suggest that there may be a 'developmental clock' built into the haemopoietic stem cell. Here we have a serious conceptual difficulty because there is no obvious model with which to analyse time-related events; none of the forms of H PFH is, strictly speaking, a heterochronic mutation. That is, these conditions are not characterized by a change in the time of globin gene switching; in the only form of non-deletion H P FH that has been studied during the period of switching the timing of the transition from foetal to adult haemoglobin production was completely normal; there was a delay in the rate o f decline of foetal haemoglobin production suggesting that the mutation involved the mechanism of adult suppression of y chain production (Wood et al.
1982; Tate et al. unpublished data).
One of the main difficulties in designing experiments to ask questions about the timing of events during development is the lack of any clear concept of how the process might be mediated. One possibility, that should be amenable to investi gation, is that differential globin gene expression is related to the number of haemo poietic stem cell divisions. A clock based on such a mechanism is feasible; in the mouse it has been estimated that there may only be a limited number of haemopoietic stem cell divisions during foetal development. However, our preliminary experi ments in sheep suggest that the foetal haemopoietic stem cell is extremely resistant to perturbation by agents such as busulphan, and that chronic hypertransfusion of the foetus, which might be expected to reduce the number of stem cell divisions, has very little effect on the timing of the transition from foetal to adult haemoglobin (W . G.
Wood & C. Bunch, unpublished observations).
Clearly, our current understanding of the developmental genetics of haemoglobin is at an extremely rudimentary stage. However, it is apparent that there are several promising areas for further work and that the globin gene model may still have something to offer to developmental biology.
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